The effect of ion irradiation on the formation of luminescent Si nanocrystals from silicon-rich silicon oxide ͑SRSO͒ films deposited by electron cyclotron resonance plasma-enhanced chemical vapor deposition ͑PECVD͒ whose Si content ranged from 33 to 50 at. % is investigated. As-deposited SRSO films contained a high density of irregular-shaped Si nanocrystals. Irradiating these films with 380 keV Si at room temperature to a dose of 5.7ϫ10
I. INTRODUCTION
Spurred on by the reports of novel optical 1 and electronic 2 functionalities, silicon nanocrystals have been the subject of intense research in the last decade. 3 Among the many techniques of producing Si nanoclusters such as wet chemical etching, 1 laser ablation, 4, 5 and gas phase synthesis, 6 precipitating Si nanoclusters out of silicon-rich silicon oxide ͑SRSO͒ has been used extensively [7] [8] [9] [10] [11] [12] [13] [14] because it offers the advantage of creating robust, well-passivated Si nanocrystals in a manner compatible with conventional Si processing technologies. Indeed, there already has been a report of optical gain in Si nanocrystals produced in this manner. 15 Such SRSO films are usually created either by irradiating pure SiO 2 with energetic Si ions, thus creating a layer of excess Si inside SiO 2 , or by depositing an amorphous SiO x film where xϽ2. In case of ion irradiation, however, the dose necessary to introduce enough Si ions to induce precipitation is rather high. Furthermore, in order to create a thick layer of Si nanocrystals, multiple implantations at different energies are necessary, making the irradiation process very timeconsuming. No such problems are present for deposited SRSO. However, in many cases, the deposited film is not truly uniform. Some have reported the presence of amorphous Si nanoclusters, 9 while others have shown that deposited SRSO films are a complex mixture of different suboxides ͑i.e., different oxidation states of Si under the form of Si-Si x O 4Ϫx tetrahedra͒. 14 Other researchers have demonstrated that under the right conditions, Si nanocrystals can be present even in as-deposited SRSO films. 16 Formation of Si nanocrystals from a SRSO film, however, is essentially a nucleation and growth process. According to the classical nucleation theory, 17 such a process can be described as a diffusion process in the particle number space, and is therefore extremely sensitive to the boundary conditions ͑e.g., concentration of excess Si and presence of any pre-existing clusters͒. Therefore, the presence of such a nonuniformity can significantly affect the final microstructure of the film, leading to the divergent properties from films with apparently similar composition and treatments. In this article, we report on the effects of preanneal irradiation on the formation of luminescent Si nanocrystals from SRSO films deposited by electron cyclotron resonance plasma-enhanced chemical vapor deposition ͑ECR-PECVD͒ of SiH 4 and O 2 . We find that as-deposited films contain a high density of irregularly shaped Si nanocrystals of varying sizes, leading to poor luminescent properties even after an anneal at 1000°C. However, the same film, when irradiated with 380 keV Si to a dose of 5.7ϫ10 15 cm Ϫ2 prior to the anneal, contains smaller Si nanocrystals and lower concentration of silicon suboxides, leading to improved luminescence properties. Based on these results, and the dependence of the lumi-nescence property on the irradiating ion dose, anneal time, and the silicon content of the film, we propose the destruction of pre-existing Si clusters by ion irradiation to be an important factor responsible for the observed enhancement of luminescence, and suggest that preanneal irradiation may be a viable method to control the formation of luminescent Si nanocrystals in PECVD-deposited SRSO films.
II. EXPERIMENT
The SRSO films were deposited using a high-vacuum ECR-PECVD system. The base pressure, the deposition pressure, the deposition temperature, and the microwave power was 1ϫ10 Ϫ6 Torr, 5ϫ10 Ϫ5 Torr, 450°C, and 400 W, respectively. Ar, SiH 4 , and O 2 were used as source gases. The O 2 flow rate was fixed at 2 sccm. However, the SiH 4 flow rate was varied from 1.7 to 2 sccm in order to deposit films with Si content of 33, 36, 38, 40, 42, and 50 at. %, as determined by Rutherford backscattering spectroscopy ͑not shown͒. Henceforth, these films will be referred to as Si33, Si36, Si38, Si40, Si42, and Si50, respectively. In all cases, the film thickness was Ϸ1 m. After deposition, some samples were irradiated at room temperature with 380 keV Si ions to a dose of 5.7ϫ10 15 
cm
Ϫ2 unless otherwise specified. The samples were then rapid thermal annealed in a flowing Ar environment at 1000°C for 1 min unless stated otherwise. Care was taken to always anneal irradiated and nonirradiated samples together in order to avoid the possibility of temperature variation between samples. Cross-section transmission electron microscopy ͑TEM͒ and x-ray photoemission spectroscopy ͑XPS͒ were used to investigate the formation of Si nanoclusters in SRSO films. Cross-section TEM samples were prepared by mechanical polishing followed by ion beam thinning. For XPS measurements, the Mg K␣ excitation (hϭ1235 eV) was used. XPS spectra were taken after a sputter etch of 3 min in order to eliminate the surface contamination. The energies of XPS spectra were calibrated using the C(1s) biding energy at 285 eV.
Photoluminescence ͑PL͒ spectra were measured at room temperature using the 488 nm line of an Ar laser, a grating monochromator, a Si detector, and employing the standard lock-in technique. In all cases, the excitation power was 200 mW, and the spectra were corrected for the system response. Prior to PL measurements, samples were hydrogenated by annealing at 700°C for 1 h in ultrahigh purity forming gas ͑10% H 2 balanced with 90% N 2 ͒, as we have found that hydrogenation increases the PL intensity by a factor of more than 20 without altering the shape of the PL spectra ͑not shown͒. Figure 1͑a͒ shows the high-resolution TEM images of the as-deposited Si40 film. We observe lattice fringes corresponding to Si ͓111͔ planes, indicating the presence of Si nanocrystals even in as-deposited films. The nanocrystals are irregularly shaped, and some of them can be seen to exceed 10 nm in size. Furthermore, as the Moiré fringes show, the density of nanocrystals is quite high. The grain size distribution, as determined by a TEM image taken at a lower resolution ͑not shown͒, is shown in Fig. 1͑c͒ . The average grain size was determined from the distribution to be 5.7 nm. Figure 1͑b͒ shows high-resolution TEM images of the same film after irradiation and anneal. We observe much fewer Si nanocrystals. This suggests, but does not prove, that the nanocrystal density has decreased following irradiation and anneal, since the thickness of the two TEM samples is most likely not the same. However, we no longer observe any large-sized Si nanocrystals. This is confirmed by the grain size distribution shown in Fig. 1͑d͒ . The average grain size, however, was almost the same with as-deposited films. Figure 2 shows Si 2p core level XPS spectra of asdeposited and irradiated and annealed Si40 films. The irradiated and annealed film shows a substantially different spectrum. Note, however, that in all cases, we do not observe two distinct peaks at 99.7 eV ͑Si-Si bond͒ and at 103.3 eV FIG. 1. High-resolution cross-section TEM images of ͑a͒ as-deposited and ͑b͒ irradiated and annealed Si40 film. Lattice fringes corresponding to ͓111͔ planes are indicated by circles. In addition, the grain size distributions of ͑c͒ as-deposited and ͑d͒ irradiated and annealed Si40 film obtained from TEM images taken at a lower resolution.
III. RESULTS
͑Si-O 2 bond͒, as has been reported for Si-irradiated SiO 2 films. 8 Instead, we observe a broad peak with maximum near 103 eV and a shoulder near 100 eV, indicating the presence of silicon suboxides. Therefore, the XPS spectra were fitted with three Gaussian peaks centered at 99.7, 103.3, and near 102 eV for Si-Si bond, Si-O 2 bond, and Si-O x (0ϽxϽ2) bond, respectively. The widths of the Gaussian peaks were fixed at 1.18 eV. The result of the fit is shown in the inset. In case of the irradiated and annealed film, however, we observe a clear reduction of the signal due to the suboxide, and a strong increase in the signal due to the Si-O 2 bond.
This difference in the microstructure is reflected in the PL spectra, as shown in Fig. 3 . We find that the irradiated and annealed film luminesces nearly twice as strong as the film that was not irradiated but had otherwise undergone the identical anneal treatment. We also observe a slight blueshift of the luminescence peak from the irradiated film. The PL peak of the irradiated and annealed film is observed near 815 nm, while the PL peak of the annealed film is observed near 840 nm.
Figs. 4͑a͒ and 4͑b͒ show the PL spectra of the annealed and the irradiated and annealed Si33, Si36, and Si50 films. The vertical scale is the same in Figs. 4͑a͒ and 4͑b͒ such that the intensities may be compared. We find that for the Si50 film, the effect of ion irradiation is similar to that for Si40, in that the preanneal irradiation leads to increased luminescence. On the other hand, the opposite is observed from the Si36 film, which shows less luminescence from the irradiated and annealed film. Finally, no luminescence could be detected from the Si33 films irrespective of the irradiation conditions.
The effect of ion irradiation on the PL properties is summarized in Figs. 5͑a͒ and 5͑b͒, which shows the integrated PL intensities and the max , the wavelength of the PL peak, FIG. 4. Room-temperature photoluminescence spectra of ͑a͒ Si33, Si36, and Si50 films that were annealed only, and ͑b͒ Si33, Si36, and Si50 films that were irradiated and annealed. The vertical scale is the same in ͑a͒ and ͑b͒ such that the intensities may be compared.
respectively. We find that the preanneal irradiation increases the PL intensity only for those films whose Si content exceeds 38 at. %. For films with less Si content, irradiation actually reduces the PL intensity. Consequently, the PL intensity from the irradiated and annealed films increase with increasing Si content, and reaches the maximum value at Si content of 42 at. %, while the PL intensity from the films that were annealed only decreases as the Si content is increased beyond 38 at. %. On the other hand, max increases with increasing Si content irrespective of the irradiation conditions. We find, however, that max from the irradiated and annealed films are blueshifted with respect to max from the films that were annealed only. We note that without any annealing, only very little luminescence could be observed irrespective of irradiation conditions ͑not shown͒.
IV. DISCUSSION
The PL spectral shape, position, the redshift of max with increasing Si content, and the effect of hydrogenation are consistent with the interpretation that the luminescence we observe is due to silicon nanocrystals. This interpretation is further supported by the fact that we do not observe any luminescence from the Si33 film even after ion irradiation, which indicates that the luminescence is related to the presence of excess Si and not to possible defects in the oxide matrix. Some of the results, however, are at odds with those that have been reported previously by other researchers. 9, 11, 14, 18 First, the thermal budget necessary to observe nanocrystal PL in this study is much lower than what has been reported to be necessary. Such a discrepancy is especially noticeable for films with little excess Si ͑e.g., Si36 film͒, since films with such little excess Si have been reported to require anneals of several tens of minutes at temperatures exceeding 1200°C. Second, the values of max are much larger than the values reported from films with comparable similar Si content and anneal temperatures.
The formation of Si nanocrystals from SRSO films upon high-temperature annealing is often modeled qualitatively as nucleation and growth of Si nuclei from the supersaturated solution of Si atoms in the SRSO matrix. 7, 8, 11, 14 The asdeposited films, however, are not homogeneous solutions of Si in the SRSO matrix. As Figs. 1 and 2 show, Si can be found in all oxidation states ranging from Si nanocrystals through suboxides and to SiO 2 . In the following, we will discuss how the presence of such nanocrystals and Si suboxides in the as-deposited films can affect the annealing behavior, and why preanneal irradiation can have Si-content dependent effect upon the PL properties of the annealed films.
The presence of Si nanocrystals in the as-deposited films easily explains the low thermal budget required to observe nanocrystal luminescence, as there is no need to overcome the thermodynamic barrier against nucleation. Furthermore, since the Si nanocrystals form and grow during the deposition process, they can be much larger than would be expected if they had to precipitate out of a solid solution, thereby explaining the larger values of max . The fact that some annealing is required for observation of luminescence is attributed to removal of defects that act as nonradiative decay paths for Si nanocrystals.
For films with a low excess Si content that would otherwise require very high temperature anneals to form luminescent Si nanocrystals, such effects can be beneficial for obtaining nanocrystal luminescence. For films with high excess Si content, however, such inhomogeneities in the asdeposited SRSO films can actually be detrimental. First, because Si nanocrystals are already present, the actual degree of supersaturation of Si in the oxide matrix is lower than would be expected from the average value of excess Si. Consequently, the thermodynamics barrier against nucleation of a new Si nanocrystal is larger than would be expected. Second, because a large fraction of Si atoms is confined in partially oxidized Si suboxide tetrahedra, additional energy is needed to break up the suboxides and release the Si atoms to become available for nucleation and growth of Si nanocrystals. However, an anneal of 1 min at 1000°C is clearly insufficient to completely break up the suboxides. Finally, even when suboxide tetrahedra are broken up, a large fraction of the Si atoms released will aid growth of pre-existing Si nanocrystals instead of nucleation of new Si nanocrystals, as the thermodynamic barrier against growth of an existing Si nanocrystal is much smaller than the one against nucleation of a new Si nanocrystal. The luminescence efficiencies of Si nanocrystals, however, decrease strongly with increasing size. 19, 20 Taken together, it can therefore be argued that the density of luminescing Si nanocrystals newly nucleated during annealing of a SRSO film with high excess Si content that already contain pre-existing Si nanoclusters is likely to be low. Figure 2 shows, however, that the irradiated and annealed film has a weaker suboxide signal, indicating that ion irradiation has broken up the suboxide tetrahedra. It is also possible that ion irradiation temporarily increases the diffusivity of Si atoms in the amorphous SRSO matrix, as network defects due to ion irradiation are known to increase diffusivity of Si even in an amorphous matrix. 21, 22 Ion irradiation can also destroy the pre-existing Si nanocrystals, thus effectively increasing the actual degree of supersaturation in the oxide matrix, and forcing Si nanocrystals to nucleate anew. Taken together, it can therefore be argued that ion irradiation, by reducing the thermal barrier against nucleation of new Si nanocrystals and by removing the preexisting Si nanocrystals, increases the possibility of newly nucleating luminescent Si nanocrystals by a high temperature anneal.
To test the hypothesis, the effect of ion dose and annealing time on the PL properties was investigated. Figure 6 shows the irradiation dose dependence of the PL spectra of Si42 film. All films were annealed for 1 min at 1000°C. We find that a dose of only 1.7ϫ10 15 cm Ϫ2 is sufficient to observe a significant change in the shape and the intensity of the PL spectrum, and that a dose of 5.7ϫ10 15 cm Ϫ2 is sufficient to obtain the maximum enhancement of the PL intensity. According to TRIM calculations, 23 the increase in the Si concentration due to irradiation to a dose of 5.7 ϫ10 15 cm Ϫ2 is only 0.2 at. %, making it unlikely that the chemical effects play an important role in enhancing the nanocrystal PL. On the other hand, this dose coincides with the known amorphization threshold of Si, 24 consistent with the above-presented argument that irradiation-induced destruction of pre-existing plays an important role in enhancing the formation of luminescent Si nanocrystals.
The effect of annealing time on the PL spectra is shown in Figs. 7͑a͒ and 7͑b͒ , which shows the PL spectra of irradiated and annealed Si 42 film and the PL spectra of Si38 and Si42 films that were annealed only, respectively. We find that for samples that were not irradiated, increasing the anneal time from 1 to 30 min does not result in a significant increase in the maximum PL intensity. This indicates that the weak luminescence observed is not due to insufficient annealing, and is consistent with the above-presented argument that a large fraction of the luminescent Si nanocrystals consist of those that were already present in the as-deposited film, and that annealing of SRSO films with pre-existing Si nanocrystals does not lead to nucleation of a significant number of new, luminescent Si nanocrystals. On the other hand, the maximum PL intensity of the film that was irradiated increases more than twofold when the annealing time is increased from 1 to 30 min. This indicates that nucleation of new, luminescent Si nanocrystals has occurred, and is consistent with the above-mentioned argument that irradiation increases the number of Si atoms available for nucleation of such Si nanocrystals.
Such irradiation-enhanced nucleation of luminescent Si nanocrystals, however, would be observed only if the annealing temperature is high enough to overcome the thermodynamic barrier against nucleation. Therefore, irradiating the Si36 film to destroy pre-existing Si nanocrystals, for which the annealing temperature of 1000°C is not sufficient to complete the nucleation and growth of excess Si, will only reduce the number of luminescent Si nanocrystals, as is observed.
We note that a very similar situation is also encountered in crystallization of polycrystalline Si from amorphous Si deposited by low-temperature CVD. Amorphous Si films deposited by CVD also have Si nanocrystals embedded in the amorphous matrix that act as seeds for crystallization, [25] [26] [27] [28] and low-dose ion irradiation of such films is often used to amorphize the nanocrystal seeds and therefore gain control over the nucleation rate of the crystal grains. At this point, it
is not yet clear whether ion irradiation will have a significant FIG. 6 . Photoluminescence spectra of Si42 film that was irradiated to different doses prior to anneal.
effect if the as-deposited SRSO films are free of suboxides and pre-existing Si nanocrystals. On the other hand, unintentional formation of pre-exisiting Si nanoclusters ͑regardless of whether crystalline or amorphous͒ is a problem that is encountered frequently in SRSO films deposited by lowtemperature PECVD, 9, 14, 16 and is very difficult to completely rule out. Furthermore, even if such Si nanoclusters do not exist, SRSO film deposited by low-temperature PECVD has been reported to contain a large fraction of Si suboxides 29 that need to be broken up for nucleation of Si nanocrystals to occur. Therefore, the results presented here suggest that a low-dose ion irradiation can be an effective way of homogenizing the film such that a large number of luminescent Si nanocrystals can be nucleated from PECVD-deposited SRSO films, possibly using a reduced thermal budget.
V. CONCLUSION
We have investigated the effect of preanneal ion irradiation on the formation of luminescent Si nanocrystals in ECR-PECVD deposited SRSO films. We find that as-deposited films are a complex mixture of many different suboxides ranging from pure SiO 2 through suboxide to pure Si nanocrystals. For films with Si content greater than 40 at.%, ion irradiation greatly enhances the formation of luminescent Si nanocrystals, while the opposite is true for film with Si content less than 40 at. %. We identify irradiation-induced destruction of pre-existing Si nanocrystals and suboxides as important factors behind the observed irradiation-induced enhancement of Si nanocrystal luminescence. As formation of pre-existing Si nanocrystals and suboxides is a problem often encountered in low-temperature PECVD deposited silicon-rich silicon oxides, the results suggest that a low-dose ion irradiation can be an effective way of homogenizing PECVD-deposited silicon-rich silicon oxide films such that an improved Si nanocrystal luminescence can be obtained, possibly using a reduced thermal budget.
